Engineering value recovery from municipal solid waste by Griffiths, Anthony John et al.
 http://pic.sagepub.com/
Engineering Science
Engineers, Part C: Journal of Mechanical 
Proceedings of the Institution of Mechanical
 http://pic.sagepub.com/content/224/3/559
The online version of this article can be found at:
 
DOI: 10.1243/09544062JMES1857
559
 2010 224:Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science
A J Griffiths, K P Williams and N Owen
Engineering value recovery from municipal solid waste
 
 
Published by:
 http://www.sagepublications.com
On behalf of:
 
 
 Institution of Mechanical Engineers
 can be found at:Science
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical EngineeringAdditional services and information for 
 
 
 
 
 
 http://pic.sagepub.com/cgi/alertsEmail Alerts: 
 
 http://pic.sagepub.com/subscriptionsSubscriptions:  
 http://www.sagepub.com/journalsReprints.navReprints: 
 
 http://www.sagepub.com/journalsPermissions.navPermissions: 
 
 http://pic.sagepub.com/content/224/3/559.refs.htmlCitations: 
 
 What is This?
 
- Mar 1, 2010Version of Record >> 
 at Cardiff University on April 4, 2012pic.sagepub.comDownloaded from 
SPECIAL ISSUE PAPER 559
Engineering value recovery frommunicipal solid waste
A J Grifﬁths∗, K PWilliams, andNOwen
Centre for Research in Energy,Waste and the Environment, School of Engineering, Cardiff University, UK
The manuscript was received on 20 July 2009 and was accepted after revision for publication on 4 November 2009.
DOI: 10.1243/09544062JMES1857
Abstract: As world population and industrialization increase, the consequence has been an
increase in waste generation. In an attempt to curb this increase and recover value from the
waste streams, the European Union (EU) and UK have introduced a wide range of legislation,
focusing to a large extent on the biodegradable component of municipal solid waste (MSW).
Although by no means the largest component of the total waste generated, it is a signiﬁcant
contributor to greenhouse gas emissions if left unmanaged. Strict targets for its diversion from
landﬁll have been set and these will become increasingly challenging between 2010 and 2020.
Despite the raft of legislation, this article demonstrates that thedeﬁnitions andproperties ofMSW
and its management strategies can vary considerably across the EU. Variations also exist across
the UK, making it difﬁcult to compare one region and its management strategies to another.
The generic role of the materials recovery facility (MRF) is seen as crucial by the authors and this
article examines its place across the management spectrum. Data are presented to demonstrate
the effectiveness of one suchMRF operating in both ‘clean’ and ‘dirty’modes. Its ability to recover
product streams such as ferrousmetal, aluminium, plastic containers, paper, and card is reported
along with a brief economic assessment.
Keywords: materials recovery facility,municipal solidwaste,wastecomposition, recovery,design
1 INTRODUCTION
Consider the current world scenario: global warming
is anaccepted factof life.TheNorthPolehas lost a third
of its ice cap and the world has seen some exceptional
adverse weather conditions. The economies of China
and similar countries are growing at a phenomenal
rate and are now sucking in a disproportionate frac-
tion of the world’s natural resources. Furthermore, the
recent global recessionhas sloweddownworldoutput,
and every sector of commerce and industry, including
recycling,has facedseriouspressures in termsof stable
markets and prices.
It is also the unfortunate fact that while technologi-
cal progress over the past three centuries has faci-
litated much of the population growth, chieﬂy with
measures such as improvements in sanitation, medi-
cine, and intensive farming, its by-product has been
∗Corresponding author:Cardiff School of Engineering,CardiffUni-
versity, Queens Buildings, The Parade, Cardiff CF24 3AA, UK.
email: GrifﬁthsAJ2@Cardiff.ac.uk
the considerable rise in all forms of waste and pollu-
tion.To sustain this growth,material consumptionhas
also grown to reﬂect both the impact of population
and that of increased worldwide industrial global-
ization; again with growth comes waste. In the UK,
municipal solid waste (MSW) has been projected to
grow at the rate of 2–3 per cent per year and hence
by 2020 the annual MSW generated could have dou-
bled; it currently stands at about 30million tonnes per
annum.
The UK through the European Union (EU) Direc-
tives has introduced measures to stimulate recycling
and composting to reduce the amount of waste going
to landﬁll, with demanding targets to be achieved. For
example inWales, the recycling target is 40percentbya
combinationof recyclingandcompostingby2010with
greater pressure to reduce the amount of biodegrad-
ablemunicipalwaste (BMW)going to landﬁll such that
by 2020 only 35 per cent of that produced in 1995 will
be accepted. Alternative solutions need to be found to
ensure that this target is met. If not, heavy ﬁnancial
penalties will be imposed. Thus engineering solutions
are required to manipulate and treat waste. The drive
is to consider this material as a resource where value
can be extracted [1].
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2 WHAT ISWASTE?
Waste can be deﬁned simply as anything that is no
longer needed and that is thrown away. There are a
number of legal deﬁnitions for waste, which include
the following.
1. The EU deﬁnes waste as ‘an object the holder dis-
cards, intends to discard or is required to discard’
under theWaste Framework Directive [2].
2. The UK Environmental Protection Act 1990 indi-
cates that waste includes
any substance which constitutes a scrap material,
an efﬂuent or other unwanted surplus arising from
the application of any process or any substance or
article which requires to be disposed of which has
been broken, worn out, contaminated or otherwise
spoiled; this is supplementedwith anythingwhich is
discarded or otherwise dealt with as if it were waste
shall be presumed to be waste unless the contrary is
proved [3].
3. The UK Waste Management Licensing Regulations
1994 deﬁne waste as
any substance or object which the producer or
the person in possession of it, discards or intends
or is required to discard but with the exception
of anything excluded from the scope of the waste
directive [4].
The types of waste produced can be further clas-
siﬁed in terms of the sector from which the waste
is produced, for example municipal waste, industrial
waste, constructionanddemolitionwaste, agricultural
waste, and so forth.
3 WASTEMANAGEMENT LEGISLATION
The Environmental Protection Act 1990 (hereafter
referred to as EPA90) set out the UK waste strategy
and introduced Integrated Pollution Control. Inte-
grated Pollution Control was based on the notion that
the environmental impacts of a process on air, water,
and land are viewed as a whole. Prior to this they were
subject to separate controls. EPA90 is a framework act,
which essentially means that the requirements of the
Act will be implemented by a number of regulations.
EPA90 introduced the notion of ‘duty of care’, which
is essentially a measure to ensure the safe storage,
handling, and transport of waste by authorized peo-
ple and to authorized sites for treatment/disposal and
was updated in 2005 [5].
The 1995 Environment Act established the Envi-
ronment Agency and also introduced the principle of
‘producer responsibility’, its aim being to encourage
the producer of a product to become more respon-
sible for dealing with the waste produced due to the
production of that product, and therefore increase the
reuse or recycling of waste materials [6].
The EU also acts as a driver for UK legislation by
the introduction of directives, which set out standards
and procedures thatmust then be implemented in the
member states, including the UK, via each member’s
legislative system.
The main EU measure was the 1975 Waste Frame-
work Directive [2] as amended by the Framework
Directive on Waste [7] and the Decision on Waste [8].
These directives requirewaste to be dealt with bymea-
sures that donot endanger the environment or human
health; i.e. it set the foundation for sustainable waste
management. The Waste Directive states that waste
mustbemanaged‘without causinganuisance through
noise or odours’. As ameans ofminimizing these envi-
ronmental impacts, the Council Directive [9] on the
Landﬁll ofWaste (commonly referred to as the Landﬁll
Directive) was introduced by the European Commis-
sion in 1999 and was transposed to UK law through
theLandﬁll (EnglandandWales)Regulations2002.The
aim of this legislation is to prevent, or reduce as far as
possible, the adverse environmental effects of landﬁll
[10], hence the drive to provide engineering solutions
that allow the extraction of value by means of a range
of robust recycling options.
Furthermore, the requirementsof theLandﬁllDirec-
tive include the following:
(a) sites are classiﬁed into three categories: haz-
ardous, non-hazardous, or inert, depending on the
type of waste they receive;
(b) biodegradable waste is progressively diverted
away from landﬁlls in line with the targets stip-
ulated in the Directive; fundamental to this diver-
sion are methods, processes, and markets to deal
with this reduction;
(c) certain hazardous and other wastes, including
liquids, are prohibited from landﬁlls;
(d) pre-treatment of waste prior to landﬁlling is
required after 16 July 2004 [10].
Again, methods and processes need to be robustly
developed to cope with the changing demand with
time.
The amount of biodegradable waste landﬁlled must
be reduced in linewith the following targets for theUK
to comply with the Landﬁll Directive:
(a) to75per centof thebiodegradablewasteproduced
in 1995, by 2010;
(b) to 50 per cent of the biodegradable waste pro-
duced in 1995, by 2013;
(c) to35per centof thebiodegradablewasteproduced
in 1995, by 2020 [10, 11].
The Landﬁll Directive has been implemented
differently in each part of the UK. In Wales, it was
implemented by means of the Landﬁll Allowance
Scheme (Wales) Regulations 2004 [12]. Under this
scheme, each Unitary Authority is allocated an annual
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allowance for the amount of BMW it can send to land-
ﬁll within that period. This allowance declines year
on year in order to comply with the Landﬁll Direc-
tive targets. A signiﬁcant ﬁnancial penalty exists for
local authorities that exceed their annual allowance;
this is set at £200 per tonne of BMW landﬁlled in
excess of their annual target. In contrast, the English
scheme as laid out by the Landﬁll Allowance Trading
Scheme (LATS) Regulations 2004 [13] again sets an
annual allowance for each Local Authority; however,
English local authorities can trade their allowances in
order to buy or sell as their needs require. Also, the
ﬁnancial penalties involved are more lenient than the
Welsh regulations, at £150 per tonne of BMW landﬁll
in excess of the annual allowance.
A number of EUDirectives are in place, which target
key wastes and industries, for example the Packag-
ing and Packaging Waste Directive [14], the End of
Life Vehicles Directive [15], and the Waste Electrical
and Electronic Equipment Directive [16]. A number
of key directives on issues such as biowaste and waste
from extraction industries are also proposed, which
affect the waste management industry. The proposed
Biowaste Directive may enforce the separate collec-
tion of biowaste in order to maximize the use of
composting and anaerobic digestion [17].
As a result of these regulations and targets and in
particular the landﬁll regulations, the waste manage-
ment industry in the UKwill have to undergo a radical
change in order to meet the targets required by law.
The aim of these regulations is essentially to create
a more sustainable approach to waste management,
and a greater utilization of the waste hierarchy.
A waste hierarchy can be traced back to the 1970s: it
was developed by the environmental movement, who
argued that waste was made up of different materi-
als and, as a result, the different fractions should be
treated differently, i.e. some should not be produced
in theﬁrst place, some shouldbe re-used, some should
be recycled and composted, some should be burnt,
and some should be buried [18]. It was not until the
1991 ‘Waste Management Paper on Recycling’ [19]
that the waste hierarchy was ofﬁcially recognized by
the government. This version of the waste hierarchy is
shown in Fig. 1. Thewaste hierarchywas then updated
by ‘making waste work’ [20] to the version that is still
used today (also shown in Fig. 1).
4 WASTE ANDRECYCLABLEMANAGEMENT
AND ARISINGS INTHE EU
It is estimated that approximately 1.4 billion tonnes of
waste are generated each year in the 15member states
of the EU (EU-15); these are the 15 member states in
the period prior to enlargement in 2004, i.e. Austria,
Belgium,Denmark, Finland,France,Germany,Greece,
Ireland, Italy, Luxembourg, the Netherlands, Portugal,
Fig. 1 Waste hierarchy [20]
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Fig. 2 EU-15 waste composition by sector in 2002 [21]
Spain, Sweden, and the United Kingdom [21]. Figure 2
shows theproportionof differentwastes generatedper
sector in 2002 in the EU-15. This ﬁgure highlights the
fact that the construction and manufacturing indus-
tries account for 58 per cent while municipal waste
accounts foronly 15per centof the totalwaste arisings.
In 2005, it was estimated that each person in the EU
generated approximately 534 kg of MSW per annum
[21]. Generation was higher in the EU-15 states, how-
ever, at 574 kg per person per annum compared to the
newer member states at 312 kg per person per annum
[21]. Recently, the EU has shown a slight reduction in
thewaste generated to 522 kgperperson; however, this
reduction is not signiﬁcant [22]. The management of
this waste varies greatly between member states; this
is highlighted in Fig. 3, which displays variations in
MSW management across a selection of EU member
states. It should be noted that the deﬁnition of MSW
varies among member states; therefore, only broad
comparisons can be made between countries.
Figure 3 clearly demonstrates that all the newer
member states have a high reliance on landﬁll as a
means of dealing with MSW; indeed, Bulgaria and
Lithuania deal with 100 per cent of MSW in this man-
ner. However, it is interesting to note that member
states such as Greece, Ireland, the United Kingdom,
Italy, Portugal, Spain, and Finland dispose of more
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Fig. 3 Variations in MSW management across Europe in 2005 [21]
than 55 per cent of their MSW to landﬁll compared
with Denmark, Belgium, the Netherlands, Sweden,
and Germany, which dispose of less than 25 per cent
ofMSW to landﬁll. In contrast to othermember states,
incineration is the main method of waste disposal in
Denmark, with more than 50 per cent of their MSW
being treated in that manner. Figure 3 also highlights
the fact that Belgium composts or recycles the great-
est proportion of its MSW stream, accounting for over
50 per cent, closely followed by the Netherlands and
Germany, which both recycle and compost over 45
per cent of their MSW stream. It can also be seen
that high recycling countries have high incineration
rates.
The historic dependence on landﬁll in the UK has
generally been due to low cost, availability, and its
applicability for a wide range of wastes. However, the
UK is simply runningout of space andalternative solu-
tions need to be found. Today, great strides have been
made with landﬁll being reduced from 75 per cent in
2005 to 57 per cent in 2007 [22].
The composition of MSW varies considerably, due
to factors such as socio-economic conditions, level
of industrialization and type of industry present,
geographic location, climate, population density, col-
lection system, recycling systems present, public atti-
tudes, etc. Seasonality also has a signiﬁcant effect
on composition, in that garden waste is greater in
the summer months, which increases waste arisings.
Tourism can also have a seasonal effect on MSW
composition, e.g. inﬂuxes of tourists in the summer
months to seaside resorts [6]. As a result of these
effects along with lifestyle and cultural differences,
MSW composition varies from country to country.
Figure 4 highlights the signiﬁcant variation in MSW
composition among a selection of EU member states.
The organic fraction varies considerably, ranging from
about 20 per cent in the UK, Ireland, and Finland to 51
per cent in Greece. Similarly, the paper fraction ranges
from 8 per cent in Bulgaria to 43 per cent in Finland.
The ﬁgure demonstrates that in the UK over 50 per
cent of MSW consists of paper and organic material;
the paper fraction is themain component (at approxi-
mately 32 per cent of MSW) followed by the organic
fraction (which constitutes about 20 per cent), with
the plastic and other waste fractions contributing to
the bulk of the remaining material. In contrast, for the
Netherlands paper and organic materials constitute
the majority of the MSW stream at approximately 68
per cent: the organic fraction is double that of the UK
at about 40per cent, and thepaper fraction constitutes
a lesser fraction at about 28 per cent.
It is important to note that the deﬁnition of MSW
varies between member states, which has an impact
on compositional analysis undertaken; therefore, care
must be taken when comparing member states. For
example, in the UK waste from households accounts
for 82 per cent ofMSW; however, in Irelandwaste from
households accounts for only 58 per cent, and in Fin-
land accounts for only 42 per cent [21]. This variation
in composition will also dictate the treatment direc-
tion and engineering solutions required to reduce,
reuse, and recycle the waste.
5 WASTE ANDRECYCLABLEMANAGEMENT
INTHEUK
It is estimated that in 2004 approximately 335million
tonnes of waste were generated in the UK; these data
include 100million tonnes ofmineral waste frommin-
ing and quarrying, which is not deﬁned as a controlled
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Fig. 4 MSW composition for a selection of European countries [23]
waste (exempt from control by the EU Waste Frame-
work Directive), and 220million tonnes of controlled
waste from households and industry. It must be noted
that theseﬁguresdonot takeaccountoforganicwastes
such asmanure and strawproduced in the agricultural
sector [24]. Figure 5 shows the proportion of various
types of waste in the UK waste stream based on these
data: household waste represents only 9 per cent of
the total waste production, which is lower than the 15
per cent quoted for MSW for the EU-15 as a whole, as
previously identiﬁed in Fig. 2.
This article focuses on MSW only, which consists
of household waste and other wastes collected by a
waste collection authority, e.g. some components of
commercial or industrial waste and waste from pub-
lic parks. The UK produces approximately 35million
tonnes of MSW each year [25]. Much of the MSW
stream however may be reused, and therefore must
be considered as a value resource for industrial pro-
duction or energy generation.
The problem with waste management practices
in the UK and in many other countries worldwide
is that there is a mix and match of processes used to
extract value. However, landﬁll is still the underpin-
ning activity.
Household, 9, 9%
Industrial 13%
Construction and 
Demolition, 32%
Commercial 12%
Agriculture (inc. Fishing),1% 
Mining and quarrying,
29 %
Dredged materials,  5%
Sewage Sludge, 1%
Fig. 5 Estimated total annual waste arisings in the UK
in 2004 by sector [21]
6 MSWCHARACTERIZATION INTHEUK
MSW should be treated as a resource because it
contains many materials that can be reused or recy-
cled, e.g. glass, metals, and paper along with other
biodegradable material [26]. Table 1 shows the results
of a variety of waste characterization studies that have
been completed in the UK. The table was constructed
using data obtained from four studies conducted in
four regions of the UK: Rhondda Cynon Taf (RCT)
County Borough Council, Carmarthenshire County
Council, Cheshire, and theWirral. It is clear that there
are signiﬁcant variations in theMSWbetween the four
regions. For example, the paper and cardboard con-
tent ranges from 20 per cent in the Wirral to 37 per
cent in Cheshire. This variation can be explained by
the variations in socio-economic status of the areas,
in that more afﬂuent areas tend to read more news-
papers and therefore generate a greater proportion of
paper waste. Garden and kitchen waste varies consid-
erably, ranging from 25 per cent in Cheshire to 39 per
cent in the Wirral. Signiﬁcant variation is also seen
in the textiles fraction, with both Welsh regions (RCT
Table 1 Examples ofMSWcomposition in theUK [27–29]
RCT∗ Carmarthenshire Cheshire Wirral
Category (%) (%) (%) (%)
Paper and card 25 32 37 120
Garden waste 11 33 14 17
Kitchen waste 19 11 22
Glass 7 7 6 8
Textiles 4 2 6 7
Ferrous metals 4 3 3 3
Non-ferrous metals 1 1 1 1
Plastics 10 9 14 8
Fines 6 13 8 7
Miscellaneous 13 7
Total 100 100 100 100
∗RCT–Rhondda Cynon Taf County Borough Council.
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and Carmarthenshire) having a lower proportion (4
per cent and 2 per cent, respectively) than the English
regions (withCheshire and theWirral having 6per cent
and 7 per cent, respectively). There is also a variation
in the plastics component of the MSW stream across
the four regions, ranging from 8 per cent in theWirral
to 14 per cent in Cheshire.
The BMW content of the MSW stream for the four
regions also varies considerably. The data show that
the two Welsh regions of RCT and Carmarthenshire
had BMW contents of 55 per cent and 65 per cent,
respectively, compared to the 61 per cent deﬁned for
Wales in the Landﬁll Allowance Scheme (Wales) Reg-
ulations. Therefore, the data in Table 1 suggest that
Carmarthenshire has a greater pool of material to tar-
get in terms of BMW diversion, while RCT has less
than the averageWelsh ﬁgure. In comparison, the two
English regions of Cheshire and theWirral have BMW
contents of 62 per cent and 59 per cent, respectively,
compared to the 68 per cent BMWdeﬁned for England
by the LATS Regulations. Hence, both regions have a
lower pool of BMW to target for diversion, which sug-
gests that these regions may struggle to comply with
the LATS without having to trade allowances.
The composition of MSW varies as a result of a
number of factors, including socio-economic status,
geography, demographics, collection system, and so
forth. This variation in composition can be observed
on anumber of scales, i.e. national, regional, and local,
which further complicates waste management strate-
gies aswell as the technology required to either extract
value or meet current regulations.
7 FACTORSTHAT AFFECTWASTE AND
RECYCLE ARISINGS
One key factor that impacts waste composition and
arisings is socio-economic status, i.e. the afﬂuence of
an area. This is highlighted in Table 2, which shows
the results of a study carried out by the Depart-
ment of the Environment as reported by Williams
[7]. It is evident that generally the more afﬂuent
the area, the greater the amount of waste generated,
e.g. the average MSW arising for terraced housing
is 12.6 kg per household per week (kg/hh/wk), while
waste for higher status municipal housing increases
to 14.6 kg/hh/wk. Indeed it was found that average
MSW arisings were greatest in agricultural areas at
22.1 kg/hh/wk. The information contained within this
table essentially enablesMSW arisings to be predicted
for a particular area based on the ‘A Classiﬁcation
of Residential Neighbourhoods’ (ACORN) information
for that area.TheACORNsystem is a demographic tool
that categorizes each UK postcode based on census
data [30].
However, itmust be noted that the information con-
tained in Table 2 does not take into account variations
Table 2 MSW generation for different household types [6]
MSW arisings in
1991 (kg/hh/wk)∗
ACORN group Range Average
Projected average
MSW arisings 2005
(kg/hh/wk)∗
(2% annual growth)
Agricultural area 17.9–32.4 22.1 29.7
High income, modern
family housing
9.6–21.5 14.3 19.2
Older housing,
intermediate income
9.0–14.8 11.8 15.9
Older terraced housing 8.8–20.4 12.6 17.0
Municipal housing,
higher status
10.7–23.3 14.6 19.6
Municipal housing,
intermediate status
7.2–16.7 12.2 16.4
Municipal housing,
lower status
7.2–17.6 13.6 18.3
Mixed metropolitan
areas
5.0–12.3 9.8 13.2
High status, non-family
areas
7.7–27.1 13.1 17.6
Afﬂuent suburban
housing
5.4–20.7 14.2 19.1
High status retirement
areas
5.4–16.6 11.1 14.9
∗kg per household per week.
in the method of waste collection, e.g. the use of
wheelie bins or the traditional dust bin, which can
have an impact on waste generation. Also, it does not
provide any information on compositional changes to
the waste stream in relation to socio-economic status.
The data from the Department of the Environment
study contained in Table 2 were published in 1991,
and are therefore somewhat dated. Hence, the aver-
age data have been projected with an annual growth
rate of 2 per cent to gain an indication of the data for
2005 in order to compare with the averageWelshMSW
arisings ﬁgure for 2004–2005 of 24.3 kg/hh/wk [31].
From the table it can be seen that the projected aver-
ageMSW arisings for 2005 ranged from 13.2 kg/hh/wk
for a mixed metropolitan area to 29.7 kg/hh/wk for an
agricultural area. It can also be noted that it is only
the average ﬁgure of 29.7 kg/hh/wk that exceeds the
24.3 kg/hh/wk ﬁgure reported forWales in 2004–2005,
with all other projected average ﬁgures being below
19.6 kg/hh/wk.
Seasonality is another key factor that impacts waste
composition and recycling. For example, gardenwaste
is greatest during the growing season, and therefore
has a signiﬁcant impact on both arisings and compo-
sition [32]. The results of a study in 2002 found that
the putrescible fraction of MSW increased from 30 per
cent to 52 per cent between the winter and summer
studies and is highlighted inTable 3. It is interesting to
note that glass arisings are also higher in the summer.
The key to providing robust engineering solutions
for waste management is realistic data. As illustrated
in the previous discussion however, published infor-
mation canbe very general andmoredetailed analyses
are required for design purposes. Tables 4 and 5 show
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Table 3 General composition of MSW in winter and
summer [33]
General components %Winter % Summer
Paper 30 22
Putrescibles (kitchen and garden) 30 52
Textiles 5 2
Glass 16 12
Metal 11 6
Plastic 6 3
Table 4 Household waste compositional analysis for
urban and rural locations
Urban town Urban town Rural town
Category A (%) B (%) C (%)
Newspaper 5.6 6.3 5.5
Magazines 8.9 9.7 10.3
Other paper 10.5 6.4 6.6
Glass 6.0 6.8 6.2
Ferrous metals 2.7 2.7 3.3
Non-ferrous metals 0.9 1.0 2.2
PET 1.8 1.5 1.4
HDPE 0.8 0.4 0.8
Other plastic 9.8 11.8 9.1
Garden 1.8 1.4 2.4
Kitchen 25.4 26.3 18.1
Textiles 1.2 4.4 0.9
Fines 6.0 4.2 15.7
Inert 2.8 0.0 4.7
Miscellaneous 7.8 9.4 5.4
Card 8.0 7.7 7.6
Total 100.0 100.0 100.0
Table 5 General overview of the urban and rural locations
Urban Urban Rural
Overview town A town B town C
Set out (%) 57.1 75.0 75.0
Recycling rate (%) 25.1 30.1 29.5
Household waste generated kg/hh/wk 10.2 9.88 14.83
the results of a recent detailed household waste char-
acterization analysis for urban and rural locations
undertaken by the authors, thus allowing availability
of speciﬁc waste streams to be assessed in terms of
the likely tonnages presented to an engineered facility.
Table 5 shows the variability that can occur in the par-
ticipation of the various households and the recycling
rate and supports the earlier ﬁndings that arisings are
higher in rural areas [6].
8 ENGINEERINGVALUE RECOVERY
8.1 Overview
Figure 6 gives a schematic overview of an integrated
approach to waste management. MSW can be ini-
tially ofﬂoaded to a recovery facility usually called
a ‘material recovery facility’ (MRF) or a mechanical
biological treatment plant [34]. The bulk of the plants
in the UK are of an MRF design taking either pre-
sorted or co-mingled waste and are usually classed
as ‘clean’ or ‘dirty’ streams. The design and operation
of such plants are highly dependent on the incoming
material. Generally the primary separation is ﬂexi-
ble to allow diversions into a number of downstream
processes (Fig. 6). The unit operations employed in
processing recyclable materials include size reduc-
tion, magnetic separation, screening, size reduction,
air classiﬁcation, eddy current separation, can ﬂatten-
ing and densiﬁcations, and baling [35]. This ﬂexible
approach allows for market and quality ﬂuctuations.
Operators of MRFs do not always supply directly to
the businesses that use the recyclate. Often agents
are used as a third party to ensure that demand is
consistent. This can often lead to issues such as sup-
ply, cleanliness, and quality. Furthermore, knowing
the marketplace in terms of the prices obtained for
the various streams can indicate the returns that can
be made based on an investment strategy related to
the types of waste. Table 6 gives a typical example of
some of the prices that are currently being achieved.
However, these prices have experienced ﬂuctuations
during the last 12 months, e.g. aluminium cans gen-
erated £700/tonne during 2007–2008, but as Table 6
shows one re-processor is currently only achieving
£300/tonne.
There is no one solution that ﬁts all in waste man-
agement; it is a question of assessing what is required
to meet relevant legislation and national targets, and
assessing local conditions and needs. Inmost cases an
integrated wastemanagement programme that incor-
porates a combinationof treatments, including energy
recovery, composting, and recycling, is used to fulﬁl
the needs required [36].
8.2 Dirty versus cleanMRF scenarios
Clean MRFs are facilities that recover material for
recycling from source-segregated mixed dry recy-
clates. The incoming material may be presented in a
number of different formats that can be grouped as
follows:
(a) single stream, i.e. mixed paper, cardboard, and
containers, which may or may not include glass;
(b) two stream, i.e. one stream containing paper and
cardboard, and the other containing mixed con-
tainers, which are then fed into different locations
in the MRF.
As well as the above, material can also be presented
to the MRF bagged or loose.
Typically cleanMRFs recover in excess of 90 per cent
of the feedstock. There will always be some material
that is rejected, e.g. material such as some types of
plastics that cannot be easily recycled and therefore
go to landﬁll.
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Fig. 6 Integrated solution to waste management with typical ﬂows [37]
Table 6 Typical recyclate prices for 2009 [38]
Stream Value £/tonne
Paper 30
Aluminium cans 300
Ferrous metals 28
Plastic bottles 90
The advantages of a clean MRF are the following:
(a) recovery of higher quality materials for recycling
as the material is free from food waste, etc.;
(b) high processing efﬁciency;
(c) health and safety conditions within a clean MRF
are generally better than in a dirty MRF;
(d) proven around the world.
The disadvantages of a clean MRF are the follow-
ing:
(a) a source segregated kerbside collection system is
needed to provide the feedstock required for the
MRF; hence, there are increased collection rounds
with the associated impact on trafﬁc movement
and air quality;
(b) the performance of the MRF is highly dependent
on participation within the kerbside scheme.
Dirty MRFs are facilities that recover recyclable
material fromMSWdirectly [39]. Somemoreadvanced
facilitiesmay also recover biodegradablematerial that
may be sent for anaerobic digestion or in-vessel com-
posting, or a high caloriﬁc value stream that can be
converted toproduce a refuse-derived fuel (RDF).Typ-
ically a dirty MRF can recover approximately 15–20
per cent as dry recyclates, which are then sold to
reprocessors.
The advantages of a dirty MRF are the following:
(a) a dirty MRF utilizes the existing MSW collec-
tion infrastructure; hence, collection rounds are
unchanged and environmental impacts in terms
of air quality and transportation remain the same;
(b) performance is not dependent on householder
participation as householders are not required to
change their behaviour; therefore, participation in
the scheme is 100 per cent by deﬁnition.
Thedisadvantagesof adirtyMRFare the following:
(a) contamination of potentially recyclable material
with food waste, garden waste, etc., has an impact
on the performance of the MRF;
(b) generally lower income is obtained for the sale of
recovered recyclables as they are generally of lower
quality;
(c) use of dirty MRFs does not encourage household-
ers to change their behaviour in terms of waste
minimization and recycling.
8.3 Conceptual MRF design
In anyMRF, the key to a successful operation is process
ﬂexibility; as during the operational life of a facility
many changes are likely, e.g. in waste composition,
waste collection methods, material presentation, and
so forth. There are also examples where hybrid sys-
tems operate so that campaigns can operate in either
‘clean or ‘dirty’ modes. Also, process ﬂexibility would
allow other materials to be processed without signiﬁ-
cant changes. Hence, it is vitally important to consider
these factors in thedesign. At themoment it is not pos-
sible to eliminatemanual sorting and its integration is
important. For example, Table 7 gives an indication
of the reaction times for selecting various materials
from amixed stream andTable 8 highlights the typical
quantities that a sorter can be expected to remove per
hour. Both aspects are important factors in the design
of any engineered recovery system.Hence thedecision
of whether to segregate materials manually or auto-
matically will depend on the volume and return of the
particular streams.
A review of 16 MRFs was undertaken by the authors
in the UK and overseas: 12 were ‘clean’ and four were
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Table 7 Reaction times for variousmaterial types in
different stream types [40]
Target Reaction
Material mix material time (s)
Metals/plastics/paper and card PET 1
Paper 3
Card 3
PVC 2
Paper and card Paper 2
Card 2
Mixed plastics PET 1
PVC 3
Plastic ﬁlm 2
‘dirty’.Detailedanalysesof these siteswereundertaken
and summary activity tables were constructed, exam-
ples of which are given in Table 9 for a UK ‘clean’
MRF operation and in Table 10 for a USA ‘dirty’ MRF
operation.
Using this analysis the basic operation can be bro-
ken down into three key components as identiﬁed in
Fig. 7 [41].Theﬁrst component is thematerialprepara-
tion phase, where essentially the feedstock is prepared
to allow for effective separation. Processes that are
undertaken include bag splitting, debaling, and pre-
sorting to remove any large objects, etc. The extent of
thematerial preparation phase is highly dependent on
the nature of the feedstock material.
Table 8 Sorting rates per person for various
material types [40, 42, 43]
Material Sorting rate (kg/h) per person
PET 160–250
Paper 680–4545
Card 680–4545
PVC 240
Glass 409–818
Plastic Film 20–36
Textiles 180
The second component is the primary separation
phase, whereby crude separation is undertaken in
order to make the ﬁnal material recovery phase more
effective and efﬁcient. The primary separation phase
varied signiﬁcantly between plants. In ‘clean’ MRFs,
a simple disc screen that separates components into
‘two-dimensional (2D)’ (paper, card, and plastic ﬁlm)
and ‘3D’ (plastic bottles and cans) streams might
sufﬁce, while in dirty MRFs, the primary separation
phase tends to be more complex. The primary sep-
aration phase in dirty MRFs ranged from the use of
kinetic streamers, trammels, and vibrating screens to
theuseofballistic separators.The remainingprocesses
are again component separation devices.
The ﬁnal material recovery phase essentially is the
separation of materials required for reprocessing, the
extent of which is highly dependent on market con-
ditions but also on the type of segregation utilized.
Segregation canbe eithermanual or automated.There
is no formulated rule base to saywhen a facility should
be fully automated or not. Many other factors such as
labour costs, capitalization, and throughput will have
an impact on the decisionmaking process. Fully auto-
mated operations will consist of sorting equipment
such as overband magnets (steel), eddy current sep-
arators (aluminium/copper), optical sorters (plastics),
and air classiﬁers, glass, and lighter fractions.
Figure 8 highlights a conceptual design for an MRF
and identiﬁes the three component phases of the pro-
cess as shown in Fig. 7 [41]. The material preparation
phase indicated by the letter A in Fig. 8 consists of a
presort station and bag opener. At the presort station,
bulky items are removed and the remaining mate-
rial then continues to a bag opener, which opens any
bagged material and liberates the contents. The addi-
tion of a bag opener within the conceptual design
enables the MRF to be more ﬂexible in terms of the
feedstock processed, as loose and/or bagged material
could be processed.
Table 9 Summary of a UK ‘clean’ recycling MRF operation [41]
MRF type Clean
Equipment manufacturer Bulk handling systems (BHS)
Throughput
Design capacity (tph) 10
Actual capacity (tph) 8
Number of pickers per shift 20
Residue (%) 11
Material type Currently processes Could process Could not process
Clean stream
Single stream material (excluding glass)
√
Single stream material (including glass)
√
Two stream material – paper and containers
√
Bagged material
√
Loose material
√
Baled material
√
Dirty material, i.e. MSW
√
Commercial recyclable
√
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Table 10 Summary of a ‘dirty’ MRF operation [41]
MRF type Dirty
Equipment manufacturer Miscellaneous
Throughput
Design capacity (tph) 134
Actual capacity (tph) 100
Number of pickers per shift 35–40
Residue (%) 65
Material type Currently processes Could process Could not process
Clean stream
Single stream material (excluding glass)
√
Single stream material (including glass)
√
Two stream material – paper and containers
√
Bagged material
√
Loose material
√
Baled material
√
Dirty material, i.e. MSW
√
Commercial recyclable
√
B – Primary Separation
C – Material Recovery 
A – Material Preparation
Fig. 7 Key components of MRF processes [41]
Feedstock
Pre-sort Station Bulky
Items
Bag Opener 
TrommelFines
Ballistic Separator 
Overband Magnet Steel PickingStation
Optical Sorter Plastic Bottles 
Eddy Current 
SeparatorSteel
Aluminium
Residue
Card Plastic
Film
Paper 
etc.
A
B
C
< 50 mm 
>50 mm
Paper, card & 
plastic film 
Fig. 8 Conceptual MRF design ﬂowchart highlighting
process components [41]
The primary separation phase identiﬁed by the let-
ter B consists of a trommel and ballistic separator (a
‘2D’/‘3D’ device). The material from the bag opener
enters a trommel,which screens and removes theﬁner
fraction of the feedstock, e.g. organic material, bottle
tops, shredded paper, broken glass, and so forth. The
inclusion of a trommel screening at an aperture size of
say 50mm within the conceptual design enables the
MRF to process householdwaste (dirty stream), which
contains a large organic fraction, and thereby clean
the recyclable components containedwithin thewaste
stream.
The oversized fraction from the trommel then con-
tinues to a ballistic separator. The ballistic separator
sorts material by shape and weight, and hence splits
the material into two streams: a 2D and light material
stream, such as paper, cardboard, plastic ﬁlm, ﬁnes,
etc., and a 3D and heavy material stream, namely
containers, for example.
The material recovery phase consists of a picking
station to manually sort the 2D stream segregated by
the ballistic separator or any other similar device and
an over-bandmagnet, optical sorter, and eddy current
separator to segregate the 3D stream.
At the sorting station, operativesmanually segregate
paper, cardboard, and plastic ﬁlm, and any material
that is not picked is a residue from the process and
is sent for disposal. Depending on the incoming feed-
stock, the picking regime at this stage could be altered;
e.g. if the incoming material had a high proportion of
newspapers, a negative picking action could be uti-
lized at this stage. That is, pickers would remove any
material that was not newspaper in order to clean that
particular material stream.
The container (3D) stream from the ballistic separa-
tor then continues to a series of automated unit oper-
ations, these being an over-band magnet to remove
steel cans from the stream, an optical sorter to remove
mixed plastic bottles, and an eddy current separator
to remove the aluminium stream and also to remove
any missed steel. Any remaining material is sent for
disposal.
This design is ﬂexible in that a variety of materials
can be processed:
(a) single-stream dry recyclable that is either loose or
bagged;
(b) MSW;
(c) two-stream dry recyclable that is either loose or
bagged.
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Table 11 Performance of a hybrid MRF [41]
Percentage to selected products
Component Clear bags Black bags
Paper and card 36 20
Glass 0 23
Ferrous metals 98 60
Non-ferrous metals 86 39
Plastics
Bottles 67 59
Film 31 31
Other 0 0
To further improve process ﬂexibility, other feed
points could include:
(a) loose mixed containers fed into the plant onto the
container line after the ballistic separator;
(b) loose mixed paper fed into the MRF onto the
paper, cardboard, and plastic ﬁlm line after the
ballistic separator.
Hence, if there were any changes to the collection
operation, thesecouldbehandledwithout theneed for
signiﬁcant changes to the process. Also, as the paper
and card are manually sorted, any changes in these
markets could be readily addressed by instructing
pickers to sort in a different manner.
The authors have undertaken analyses of a hybrid
MRF campaigning clear and black bag residue with-
out 2D/3D steaming. Table 11 shows the performance
data.
It canbe seen from the table that for the clear stream
there was a high recovery of ferrous and non-ferrous
metals and a reasonable separation of plastic bottles.
These are the high value components. The paper and
card recovery in the ‘clean’ mode was disappointing,
andcouldbea functionof thepresentationof the com-
ponent to the MRF. When campaigning in the ‘dirty’
mode with residual black bag waste, the recovery dra-
matically reduced the metals fraction. Also present is
a high glass fraction that is unwanted when in the
manual sorting mode.
9 CONCLUSIONS
Legislation is driving the waste industry to recover
value and volume fromanumber of streams thatmake
up MSW. One of the key components of any inte-
grated approach to waste management is the MRF.
This allows the generation of speciﬁc components
that can be sold into the marketplace. The design of
MRF facilities is fundamentally important to ensure
that recovery operations meet the recycling require-
ments of the incoming waste materials. The drive is to
ensure quality and cleanliness can be maintained at
realistic costs. Providing robust data is the forerunner
to a proper engineering solution for value recovery.
© Authors 2010
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